Failure in steel weldments operating at high temperatures often occurs in the heat-affected zone adjacent to the weld. Such failures can be a result of material inhomogeneity within the heat-affected zone and in the case of tempered martensite steels have been linked with regions of untransformed (ferrite) phase or over-tempered martensite within the intercritical region of the heat-affected zone. In this work, two-dimensional Voronoi tessellation is used to construct polygonal Voronoi cells to represent the microstructure of the heat-affected zone of a weld in a tempered martensite steel. The Voronoi construction is treated as a representative volume element of the material and is discretised by 8-node linear brick elements, with periodic boundary conditions. The lattice orientation at each material point is specified by three Euler angles, which are assumed to be randomly distributed, to represent the initial lack of texture in the intercritical region of the heat-affected zone. The constitutive response is represented by a nonlinear, ratedependent, finite-strain crystal plasticity model. The results indicate that small amounts of ferrite can induce significant enhancements in stress and inelastic deformation at the interface of the ferrite and martensite grains. This localisation of stress and strain may be critical for microcrack and/or void formation and may be a contributory factor to Type IV cracking.
Introduction
Tempered martensite ferritic steels, such as modified 9Cr-1Mo steels, are widely used in steam pipework systems of conventional power plants, designed to endure long-term loading at elevated temperatures. 1 Many of the failures of such components occur at welded connections due to the occurrence of weld defects and the existence of microstructure gradients following welding. 2, 3 Such microstructure gradients occur due to the different thermal conditions experienced by the material during welding, both in the weld material and in the HAZ adjacent to the weld (see Figure 1 4,5 ). The degree of microstructure change depends on the maximum heat exposure and the cooling rate, both of which are dependent on the distance from the weld fusion line, as illustrated in Figure 1 . Typically, the HAZ consists of a coarse grain heataffected zone (CG-HAZ), closest to the weld, where the peak temperature is much higher than Ac 3 (the temperature at which transformation of ferrite, , to austenite, , is complete during heating) but below the solid-liquid transition temperature, a fine grain heat affected zone (FG-HAZ) where the peak temperature is above Ac 3 , and an inter-critical heat affected zone (IC-HAZ), adjacent to the parent metal where the peak temperature during welding is between Ac 1 (the temperature at which austenite begins to form during heating) and Ac 3 . This IC-HAZ region may include ferrite and martensite phases due to the transformation of the austenite grains to martensite during rapid cooling [6] [7] [8] [9] and is of particular importance for welded connections which fail in the IC-HAZ, a phenomenon known as Type-IV cracking.
1-11 The IC-HAZ can be considered to be a type of dualphase material with a relatively high strength, low ductility martensite phase and a low volume fraction of lower strength, high ductility ferrite phase. 12 It has been reported that the microstructure of dual-phase steels, e.g. grain size, volume fraction, phase distribution, martensite morphology, carbon content, can have an important influence on the overall mechanical behavior (e.g. yield stress, ductility) of such steels. [13] [14] [15] Advances in microstructural modelling of mechanical behavior of crystalline materials have opened up new opportunities for accurately estimating the structural integrity of a component. [16] [17] [18] [19] For example, in Li et al. 16 a multi-scale modelling approach was used to investigate the effect of precipitate and lath coarsening on the mechanical response of a martensitic steel. Such studies have often been carried out in conjunction with novel experimental approaches to quantify deformation at the microscale, e.g. micropillar tests to determine the constitutive behaviour and overall response in dual phase steels. 20, 21 Currently, there are two predominant explanations to account for the premature failure of weldments and the associated Type IV cracking. One attributes the weakness in the weldment to the low strength of the IC-HAZ [6] [7] [8] 22 and the other attributes it to microstructural gradients leading to different deformation and stress states in each region. 9, 23 The former could be considered a material-based explanation and the latter a mechanics-based one. In reality, the material and the mechanics are closely coupled as we demonstrate in this work. Here, we build on our previous studies on engineering steels 18, [24] [25] [26] to investigate the influence of a soft ferrite phase within a hard martensitic region, representing the IC-HAZ of a modified 9Cr-1Mo tempered martensite steel such as ASTM A335/ASME SA335 P91. A representative volume element (RVE) of a collection of grains with random crystal orientation is constructed using Voronoi Tessellation 27 and the finite-element method is used to determine the resultant stress and strain distribution within the RVE. A crystal plasticity model is used to capture the deformation characteristics of both phases of the IC-HAZ.
Crystal plasticity model
A standard approach 28 is adopted to represent the kinematics of deformation with an overall deformation gradient, F, which is decomposed as follows
where F e is the elastic deformation gradient, incorporating elastic stretching and rigid rotation, and F p accounts for the inelastic deformation based on slip-based plastic deformation in a crystalline material. The plastic velocity gradient, L p , is a function of the accumulated slip rates on N possible slip systems where _ is the slip rate of slip system , and m a and n a are slip direction and slip plane normal vectors of the slip system , respectively. For martensitic materials, for the martensite steel there are 48 slip systems potentially active, consisting of 12 h111i 110 f g slip systems, 12 h111i 112 f g slip systems and 24 h111i 123 f g slips systems.
18,20 A thermal activated flow rule is employed relating the slip rate on a slip system to the resolved shear stress on that system
Here, F is a constant related to thermal activation energy required to overcome the lattice resistance, k is the Boltzmann constant and T is absolute temperature. The constants p and q are the exponential and pre-exponential constants, respectively;
and S are the resolved shear stress and slip resistance of slip system , respectively, with
where p in equation (4) is the stress tensor; S sat in equation (5) is the saturated value of slip resistance with an initial value of S 0 ; and h is the hardening matrix and can be written as
where h s is a material parameter, q 0 is the latent hardening factor and is the Kronecker delta. For this material, q 0 is unity, 27 corresponding to Taylor hardening (all the components of the hardening matrix are identical). The material model is implemented through a user subroutine (UMAT) in a commercial finite-element code Abaqus. 29 
Microstructure modelling

Microstructure model generation
In order to predict the localised inelastic response of the material, a representative microstructure generated using Voronoi tessellation 26, 27 has been constructed including sufficient numbers of convex polygonal grains to represent the overall mechanical behaviour of the material (see Figure 2) . Here each polygon represents a martensite block (or ferrite grain) with a different orientation in the polycrystalline model. It should be noted that the martensite blocks will not generally take the shape of regular polygons-the current approach is a first step at a physical representation of the material microstructure. The two-dimensional model is constructed with each block randomly assigned three Euler angles to specify the orientation of the block. A finite-element mesh is then generated using 3D elements, with one element through the thickness extruded in the normal direction (z direction in Figure 2 ). Grain boundaries are assumed to be perfectly bonded and no special elements are used at grain boundaries. The RVE is loaded with a uniform monotonic displacement in the y direction. Periodic boundary conditions are applied to represent a large (infinite) collection of grains. Periodicity in the z direction corresponds to the case of columnar grains. In previous works, 24, 26 it has been found that under in-plane loading this pseudo-3D representation of the microstructure provides a good prediction of the stress and strain distributions when compared with a full 3D Voronoi tessellation model. 
Results and discussion
RVE size determination
As illustrated in Figure 2 , three different RVEs were constructed to investigate the sensitivity of the response to the RVE size, i.e. the number of grains in the RVE. Note that since a length-scale independent model is used in this work, there is no explicit grain size effect on the result. Each RVE is loaded with a uniform monotonic displacement up to a strain of 1% at a strain rate of 0.1%/s. The resultant true strain-stress curve is shown in Figure 3 . Figure 4) , the same response is obtained (see Figure 5) , confirming that the 200-grain RVE provides a representative response of the material.
Model calibration
The crystal plasticity material model described here has a total of 10 independent material constants. Based on the results in Touboul et al., 23 which showed that the measured tensile response of the ICHAZ was very similar to that of the base metal P91, and assuming that the volume fraction of the ferrite phase in the ICHAZ is low, 7 the response of the martensite phase of the IC-HAZ can be represented by that of the base metal. Table 1 gives the parameters of the martensite phase (IC-HAZ) at room temperature used in this work obtained by calibrating the material parameters in equations (3) and (5) with the 200 grain RVE to match the measured tensile response of P91. The values of p and q in the flow rule, equation (3) are those suggested in Weinberger et al. 30 for a body centered-cubic (BCC) material, viz. p ¼ 0.5 and q ¼ 1. 25 .
It had been reported in the literature 8, 22, 31 that the IC-HAZ is the region of the weldment with the lowest hardness, and it has been suggested 7 that the presence of a soft ferrite phase in the IC-HAZ could be responsible for the low hardness. Based on this assumption and on existing experimental results for dual phase steels, 20, 32 we assume that the lattice friction stress ( 0f ) of the ferrite phase (see equation (3)) is lower than that of the martensite phase ( 0 ). The relationship between 0 and 0f is described by the ratio R R ¼ 0 0f ð7Þ R ¼ 1 implies that the IC-HAZ is comprised of martensite only, R ¼ 2 implies that the lattice friction stress of the ferrite phase is half that of the martensite phase. All other material constants are assumed to be the same for the two phases. The comparison of the macro stress-strain response of the two different phases, obtained from the 200-grain RVE in Figure 2 , is shown in Figure 6 , which also includes the experimental data for the P91 material, from Golden et al. 18 Mesh sensitivity study A mesh sensitivity study for the global and local response is described in this section. Two 200-grain models, with 35,000 elements and 62,000 elements, respectively, were generated (see Figure 7) . In each case, one grain labelled 'f' in Figure 7 has been assigned ferrite properties (R ¼ 2). The two models have the same orientation for the corresponding grains. Uniaxial loading was applied to both models up to 2% strain. As seen in Figure 8 , the macroscopic stress responses are found to be indistinguishable for the two meshes. For the local response study, the local maximum principal stress and accumulated equivalent plastic strain, e eq , are examined at the ferrite grain boundary-Path 1, as illustrated in Figure 7 (b). Accumulated equivalent plastic strain 33 and maximum principal stress 34 have been proposed as important indicator parameters for microcrack initiation. Good agreement between the two meshes is seen in Figure 9 . These results indicate that the 35,000-element mesh is a converged mesh for the problem examined, and is henceforth used in this study to examine the local response in particular, the influence of the ferrite region. We have also investigated the influence of the location of the ferrite region within the RVE and find that the same trends are observed.
Influence of strength of ferrite matrix
Due to the low volume fraction of ferrite, 7 the influence on the macroscopic stress-strain response is negligible and attention is focused on the local response. Figure 10 depicts the maximum principal stress and equivalent strain for different ratios of R along a path traversing the ferrite and martensite grains, designated Path 2 in Figure 10(a) , at the same remote strain level (2%). As expected, stress and strain are discontinuous across the grain boundary even for Figure 6 . Comparison of IC-HAZ RVE simulation with room temperature uniaxial data for P91. 18 Also included is the predicted response for the ferrite phase using the RVE with R ¼ 2 (see equation (7)). Table 1 . Material constants used in the single crystal material model for IC-HAZ (martensite) at room temperature. R ¼ 1 due to the different crystal/block orientations. The average misorientation between the ferrite grain and the neighbouring martensite grains (blocks) is 30.5 (using the crystal deformation definition in Ralf et al. 35 to quantify mis-orientation between grains). As R increases, the peak stress at the martensite-ferrite boundary increases significantly from $520 MPa to $680 MPa. In all cases, the peak-accumulated equivalent plastic strain is in the softer ferrite grain and the peak strain increases with increasing R (decreasing strength of the ferrite grain), with the peak value increasing from $3.7% for R ¼ 1 to $7.4% for R ¼ 4. Thus, the occurrence of the soft ferrite phase within a hard martensite matrix leads to a stress concentration at the ferrite-martensite boundary matrix and higher plastic strains at the boundary and within the ferrite phase. It may be noted that similar trends have been observed in simulations of hard/soft grain combinations within titanium alloy polycrystals. 19 It has also been reported that cracklike cavities may form along the ferrite-martensite grain boundary in the ICHAZ of a P91 weld, 8 indicating that these areas are locations of stress-strain concentration.
Contours of maximum principal stress, corresponding to the results in Figure 10 , are provided in Figure 11 , again corresponding to a remote strain of 2% in each case. The larger contour plots in Figure 11 give the result for the full 200-grain RVE while the smaller contour plots provide the results close to the ferrite grain (indicated by 'f' in the zoomed-in figures). It may be noted that even when the applied loading is uniform and R ¼ 1, the local stress distribution is quite inhomogeneous inside the RVE, due to the different lattice orientations of the grains. In Figure 11 (a), the increase in stress at the ferritemartensite boundary is clear from these contours: see corresponding regions 1 and 2, indicated in the zoomed-in Figure 11(a) . There is also a small increase in stress in region 3 with increasing R and a corresponding reduction in stress in the ferrite grain with increasing R. In Figure 11(b) , the local increase in plastic strain with increasing R may also be noted. Away from the ferrite grain, the stress and strain distributions within the material are unaffected.
Effect of ferrite aggregation
The results of the preceding section are for an isolated ferrite grain. In Figure 12 , the results for 1, 2 and 3 ferrite grains, respectively, are presented (the results for N ¼ 1 from the Figure 11 section are included for convenience). Significant localisation of plastic deformation can be observed in Figure 12 (b) as the number of ferrite grains increase. These bands of high plastic strain occur at the ferrite-martensite boundary.
Conclusions
This work examines an idealised microstructure of the intercritical region in the heat-affected zone of a modified 9Cr-1Mo steel. The results are also applicable to other dual-phase steels with ferrite-martensite phase distributions. The results indicate that a soft ferrite phase, even at low volume fraction, can have a significant influence on local stress and strain behaviour, and hence crack initiation behaviour and material lifetimes. Such results provide insights into optimised heat treatments for welded martensite components and material design. Future work in this area is required to obtain more quantitative information on ICHAZ microstructure and identification of ferritemartensite phases within the HAZ. A combination of scanning and transmission electron microscopy (SEM, TEM) in conjunction with electron back scattered diffraction (EBSD) may provide complementary insights into this issue.
